Nonheme diiron monooxygenases make up a rapidly growing family of oxygenases that are rarely identified in secondary metabolism. Herein, we report the in vivo, in vitro, and structural characterizations of a nonheme diiron monooxygenase, PtmU3, that installs a C-5 β-hydroxyl group in the unified biosynthesis of platensimycin and platencin, two highly functionalized diterpenoids that act as potent and selective inhibitors of bacterial and mammalian fatty acid synthases. This hydroxylation sets the stage for the subsequent A-ring cleavage step key to the unique diterpene-derived scaffolds of platensimycin and platencin. PtmU3 adopts an unprecedented triosephosphate isomerase (TIM)-barrel structural fold for this class of enzymes and possesses a noncanonical diiron active site architecture with a saturated six-coordinate iron center lacking a μ-oxo bridge. This study reveals the first member of a previously unidentified superfamily of TIM-barrel fold enzymes for metal-dependent dioxygen activation, with the majority predicted to act on CoA-linked substrates, thus expanding our knowledge of nature's repertoire of nonheme diiron monooxygenases and TIM-barrel fold enzymes. Figure 3. Crystal structures of PtmU3. (A) Overall structure of PtmU3 monomer. PtmU3 is composed of a small N-terminal domain (yellow) and a C-terminal TIM-barrel fold (green). (B) The nonheme diiron center in PtmU3. Two metal ions are coordinated with the side chains of seven residues (3 His, 2 Asp, and 2 Glu) and a water molecule (yellow dashed lines). (C) Active site of PtmU3 complexed with 7. (D) Active site of PtmU3 complexed with 11. The active sites of PtmU3 complexed with 7 and 11 are very similar. The two substrates (7 and 11) align well and are depicted in cyan and magenta, respectively. The two metal ions are shown in purple. The distances between the two metals or water and C-5 of 7 and 11 are shown as orange dashed lines. Hydrogen bonds are shown as brown dashed lines. 2F o -F c electron density maps of substrates 7 and 11 contoured at 1σ are depicted with grey mesh. Dong et al.
INTRODUCTION
Nonheme diiron monooxygenases are a growing family of oxygenases that characteristically contain a nonheme dinuclear iron center in the active site to activate molecular oxygen and play significant roles in generating diversity in bioactive small molecules. Representative enzymatic reactions catalyzed by nonheme diiron monooxygenases include methane hydroxylation, fatty acid desaturation, fatty aldehyde deformylation, and arene hydroxylation, among others. 1, 2 Nonheme diiron monooxygenases are also involved in the biosynthesis of secondary metabolites, albeit only rarely. 3 To date, only three enzymes, acting on two natural product scaffolds, have been biochemically verified. Two of these enzymes are involved in the biosynthesis of chloramphenicol: CmlA catalyzes the βhydroxylation of L-p-aminophenylalanine (L-PAPA) activated as a thioester that is covalently linked to the peptidyl carrier protein (PCP) CmlP, and CmlI catalyzes the 6electron oxidation of an arylamine to the arylnitro functionality seen in the chloramphenicol scaffold ( Figure 1A) . 4, 5 The third enzyme is AurF from the aureothin biosynthetic machinery, and it resembles CmlI in that it catalyzes a 6-electron N-oxidation, though with a different substrate, p-aminobenzoate ( Figure 1A) . 6, 7 The structures of CmlI and AurF resemble the 4-helix bundle fold found in nearly every non heme diiron monooxygenase, while the structure of CmlA contains a metallo-β-lactamase protein fold unique to this family. 3, 6, 8 The relative scarcity of known nonheme diiron monooxygenases in secondary metabolism, each of which act on very specific substrates, raises the important question of whether or not additional nonheme diiron monooxygenases are hiding in plain sight.
The triosephosphate isomerase (TIM)-barrel scaffold is the most common protein structural fold found in nature. 9 The TIM-barrel is characterized as an α/β protein fold because the classical TIM-barrel fold consists of an eight-fold repeat of (βα) motifs. Typically, eightstranded parallel β-sheets form the inner wall of barrel and are surrounded by α-helices. TIM-barrel enzymes are widely distributed due to their simple protein fold, but they display remarkable catalytic versatility. 9 To date, at least 37 homologous superfamilies have been grouped together as TIM-barrels by CATH (Class, Architecture, Topology, and Homologous superfamily) classification. 10 The majority of characterized enzymes within the superfamilies are aldolases, glycosidases, enolases, and metal-dependent hydrolases. However, no metal-dependent oxygenases, including nonheme diiron monooxygenases, have been classified in the topology level of to date.
Platensimycin (PTM, 1) and platencin (PTN, 2) are two highly functionalized bacterial diterpenoids isolated from Streptomyces platensis. 11 They are potent and selective inhibitors of bacterial and mammalian fatty acid synthases and are promising drug leads for both antibacterial and antidiabetic therapies. 12, 13 Structurally, PTM and PTN are composed of two distinct moieties, a 3-amino-2,4-dihydroxybenzoic acid and an aliphatic ketolide, coupled by an amide bond ( Figure 1B ). We previously cloned and sequenced the ptm gene cluster from a PTM and PTN dual producer S. platensis CB00739. Inactivation of the pathway-specific negative regulator ptmR1 afforded the PTM-and PTN overproducing SB12029 strain that has served as a model strain to study PTM and PTN biosynthesis ( Figure S1 ). 14, 15 In light of a C-5 ketone group conserved in PTM and PTN, as well as their late-stage congeners, C-5 hydroxylation followed by a retro-aldol ring cleavage of the C-4/C-5 bond of the A-ring was proposed as one of the most intriguing structural transformations in PTM and PTN biosynthesis ( Figure 2A ). 9, 14 This ring cleavage step would be unprecedented in diterpenoid biosynthesis and therefore, the ptm gene cluster presents a unique opportunity to study this novel chemistry for both ent-kauranol (PTM) and ent-atiserene (PTN) diterpene scaffolds.
The ptm gene cluster encodes two cytochrome P450 monooxygenases, PtmO2 and PtmO5, and two functionally redundant α-ketoglutarate-dependent dioxygenases, PtmO3 and PtmO6 ( Figure S2 ). 11, 16, 17 However, each has an assigned biosynthetic function, and no other genes from the ptm gene cluster could be readily predicted to be responsible for C-5 hydroxylation, thereby setting the stage to explore novel chemistry and enzymology. Herein, we describe the identification and characterization of PtmU3 as a nonheme diiron monooxygenase that plays a role in a key missing step in the biosynthesis of PTM and PTN, unveiling the first member of a new superfamily of nonheme diiron hydroxylases.
RESULTS AND DISCUSSION

Identification of Atypical Hydroxylase in ptm Gene Cluster.
In order to identify which genes were responsible for catalyzing the tailoring steps for the biosynthesis of the PTM and PTN diterpenoid scaffolds, we first set out to inactivate the remaining genes of unknown function within the ptm gene cluster in SB12029, which encodes for PTM and PTN dual production. The resultant mutant strains were fermented under our standard conditions for PTM and PTN dual production with SB12029 as a positive control. 14 The timing of the C-5 hydroxylation was proposed to happen immediately following CoA thioesterification of the ketolide moieties and just prior to A-ring cleavage. 11 If correct, the fermentation profile of the relevant mutant would be expected to be similar to that of the ΔptmA1 mutant, due to the hydrolysis of CoA-linked intermediates, 18 i.e. fully abolishing PTM (1), PTN (2), thioPTM (3), and thioPTN (4) production, 19 and instead, accumulating precursors 5 and 9, as well as 13, a precursor of 5 (Figure 2A ). Upon HPLC analysis, the metabolite profile of the ΔptmU3 mutant matched this expectation ( Figures 2B  and S3 ), suggesting PtmU3 as the candidate for C-5 hydroxylation. Interestingly, ptmU3 was hydroxylase has been identified from this superfamily, and thus, PtmU3 likely represents the first characterized member of a new superfamily of enzymes utilizing a TIM-barrel fold.
In Vitro Characterization of PtmU3 Confirms its Role as an Iron-Dependent Enzyme Responsible for C-5 β-hydroxylation in PTM and PTN Biosynthesis.
To confirm that PtmU3 is indeed the monooxygenase responsible for C-5 hydroxylation, ptmU3 was cloned and heterologously expressed in E. coli, and the overproduced PtmU3 protein was purified to homogeneity ( Figure S4A ). PtmU3 is a homodimer in solution based on size-exclusion chromatography ( Figure S4B ). Initially, PtmU3 was incubated with platensimycin ML17 (7) or platencin ML4 (11) as substrates (Scheme S1); however, no obvious product was formed upon HPLC analysis ( Figure 2C ,D). Given that PtmU3 was predicted to require a metal for activity, a catalytic amount of Fe 2+ , with ascorbic acid as a chemical reductant, was supplemented. Using boiled PtmU3 as a control, a new peak was observed (8 or 12, Figure 2C ,D) after incubation with the substrate 7 or 11, respectively. 18 High-resolution mass spectrometry (HRMS) analysis revealed the molecular weights of 8 and 12 to be 1098.307 and 1082.312 Da, respectively, which are 16 Da higher than those of substrates 7 and 11, suggesting addition of a hydroxyl (Figures S5 and S6) . No products were observed upon incubating PtmU3 with either the C-19 carboxylic acid, 5, or its adenylated variant, platensimycin ML16 (6), indicating that the CoA thioesters are the native substrates, i.e. PtmU3 functions immediately after the CoA ligase PtmA2 (Figure 2A ). The optimized reaction conditions were determined to be 50 mM MES, pH 5.5, containing 0.1 mM Fe 2+ ( Figure S7A ). Though Fe 2+ was preferred (calculated as 100%), PtmU3 was also active with other divalent cations: Mn 2+ (41.1%), Co 2+ (35.4%), and Cu 2+ (1.6%) ( Figure  S7B ). No product was observed in the presence of Zn 2+ or EDTA, despite Zn 2+ often serving as a cofactor in the related amidohydrolase superfamily of enzymes ( Figure S7B ). 20 To better characterize the effects of the different metals on PtmU3, pseudo-first-order kinetics were attempted; however, substrate inhibition by 7 resulted in a curve that disallowed calculation of an accurate k cat or K m ( Figure S8 ).
To unambiguously characterize the products of PtmU3, a one-pot reaction with purified PtmA2 and PtmU3 and either 6 or 10 as a substrate, was used to prepare 8 or 12 (Scheme S2). 18 The structures of products 8 and 12 were fully characterized by 1D and 2D NMR spectroscopy ( Figures S9-S21 ). Based on the NMR data, the only difference between 7 and chromatographic analysis, the PtmU3 structure is made up of two polypeptide chains (chains A and B) in the asymmetric unit ( Figure S22 ). The overall structure of PtmU3 comprises of a typical TIM-barrel fold at the C-terminus (residues 1-22; 64-356) and a small N-terminal domain (residues 23-63) of a three-stranded antiparallel β-sheet flanked by two α-helices ( Figure 3A) . Although the TIM-barrel structure is the most common fold found in nature, making up approximately 10% of all proteins and catalyzing a wide variety of enzymatic reactions, 9, 21 to the best of our knowledge, PtmU3 is the first characterized TIM-barrel hydroxylase. Intriguingly, there is no significant homologue of the small N-terminal domain by DALI search, though many TIM barrel-containing enzymes do integrate additional folds. 9, 22 The closest structural homologue of PtmU3 in the PDB is a putative TIM-barrel metaldependent hydrolase from Mycobacterium avium (PDB: 4DZI, ∼23% identity); however, this enzyme has yet to be biochemically characterized ( Figure S23 ).
Two metal ions (manganese in the crystal structures) are located at the top of the PtmU3 βbarrel center and are coordinated with the side chains of seven residues (Asp10, His12, His189, Glu241, Asp308, His311, and Glu313) and a water molecule ( Figure 3B ). The distance between the two metals is 3.8 Å (within the normal range of 2.7 -4.8 Å for previously characterized diiron enzymes). 2 Each of the metals form six coordinations with residues and/or water in a distorted octahedral geometry with distances ranging from 2.0 -2.5 Å. Glu241 and Asp308 act as bridging ligands between the two metal centers instead of the more common μ-oxo or μ-peroxo bridging ligand. Mutagenesis studies showed that Glu 241 was essential and the E241A mutant completely lost its enzymatic activity, indicating that the metals are crucial for the function of PtmU3 ( Figure S4C ). To probe the saturated M1 center, the D10A, H189A, and D10A/H189A mutants were similarly generated, but no soluble proteins were obtained, putatively due to a structural rather than catalytic role played by M1. Notably, the structural homologue from M. avium (PDB: 4DZI) also has a saturated M1 center.
This saturated M1 center provides a distinction from other characterized diiron monooxygenases, whether they utilize one or both metal centers for catalysis. Detailed mechanistic studies of the diiron arylamine oxygenases AurF and CmlI have shown that they utilize both irons to activate a peroxo intermediate; [23] [24] [25] however, the organization of the metal centers makes this mechanism unlikely for PtmU3. Conspicuously, there are other diiron enzymes that catalyze oxygen activation using only one of the two irons: the myoinositol oxygenase MIOX and the organophosphonate oxidase PhnZ. [26] [27] However, in both of these enzymes, the second iron is utilized to bind their respective substrates, a role clearly not filled by M1 in PtmU3 (Figure 3) . Therefore, the combination of mutagenesis, structural data, and literature precedent provides evidence that M1 may act in a structural role rather than a catalytic one.
Though structurally similar to characterized members of the amidohydrolase superfamily, the metal binding site of PtmU3 is distinct from that of any amidohydrolase in large part due to the saturated M1. 20 While it is possible that PtmU3 or its ancestors evolved from a member of the amidohydrolase superfamily, it may be that to serve as a hydroxylase rather than a hydrolase, this new superfamily needed to shift from two metals to a single catalytic metal, as has been shown for a pair of amidohydrolases recently evolved for synthetic substrates. 28 We next solved structures of PtmU3 complexed with substrates 7 and 11 (PDB entries: 6OMQ and 6OMR, respectively) to further probe the active site and the interactions between substrates and the enzyme. Both substrates adopt similar orientations in the active site, providing a structural rationale for stereospecific C-5 β-hydroxylation of both PTM and PTN ( Figure 3A ). Leu93 and Ile190 hydrophobically interact with the ent-kauranol and entatiserene moieties; however, most of the strong interactions are with the CoA moiety. The two substrate-bound structures suggest that the primary role of the novel N-terminal domain is to provide a binding site for CoA. Arg52 (located in the N-terminal domain) and Asn208 hydrogen bond with the two amide carbonyls of the β-alanine and pantoic acid regions of CoA, respectively (Figure 3C,D) . This model would be consistent with the fact that the R52A mutant lost about 60% of its activity in vitro, in comparison to the native PtmU3 ( Figure S4C ). The adenosine 3',5'-bisphosphate moiety is missing from the substrates in the two structures, likely attributed to its substantial flexibility due to its exposure to the solvent.
The distances between the C-5 carbon of 7 or 11 and the M2-coordinated waters in the complexed structures are 3.4 and 3.2 Å, respectively ( Figure 3C,D) . During catalysis, it is expected that the water molecule is replaced by molecular oxygen. Additionally, only one active site (in chain B) was occupied in each of the substrate-complexed structures. This could result from the structural differences between the two polypeptide chains during crystal packing, as the major conformational differences between the two chains in the asymmetric unit are within the small N-terminal domain (residues 23-63) and a long loop (residues 193-200) near the substrate binding site ( Figure S24 ). Finally, we constructed the T196A mutant to probe the role of the loop rearrangement, but no change in activity was observed relative to native PtmU3 (Figures S4C and S23) , a finding that would suggest that this loop rearrangement is not necessary for catalysis.
PtmU3 Homologues are Widespread in Actinobacteria.
The novel chemistry, enzymology, and structure of PtmU3 in catalyzing a key step in PTM and PTN biosynthesis prompted us to ask how widespread PtmU3-like proteins are found in nature. Remarkably, a sequence similarity network revealed 142 homologues that are broadly distributed in nature (Figure 4 , based upon a survey of the NCBI database as of May 2019). While PtmU3 represents the first enzyme characterized from this cluster, a BLAST search revealed >50% protein sequence identity to PtmU3 for all homologues. Except for two homologues from Alphaproteobacteria, all remaining homologues are from Actinobacteria. The low taxonomic diversity may be a sign that PtmU3 and its homologues have evolved relatively recently, possibly from amidohydrolases. Significantly, all homologues have the seven conserved residues (3 His, 2 Asp, and 2 Glu) that are responsible for binding the diiron center as exemplified by PtmU3 ( Figure S25 ), and the residues responsible for binding CoA also appear to be widely conserved (Arg52, Arg53, Arg200, and Asn208). Together with the fact that around half (74 of 142) of the homologues have putative CoA ligases encoded in genetic proximity (Table S6) , these homologues may also prefer CoA-linked substrates. As highlighted by the set of representative gene clusters encoding PtmU3 homologues shown in Figure S26 , this study should inspire future utilization of this novel class of nonheme diiron monooxygenase as a beacon to mine genomes for discovering novel natural products.
CONCLUSIONS
In summary, PtmU3 has been biochemically and structurally characterized as a nonheme diiron monooxygenase that installs a C-5 β-hydroxyl group. Therefore, the stage is set for a retro-aldol reaction resulting in the key A-ring cleavage of the C-4/C-5 bond to afford the characteristic aliphatic ketolide moieties in PTM and PTN biosynthesis. We have elucidated the biosynthetic timing of this step and provided evidence of in vitro and in vivo activity of PtmU3 consistent with this role. The complex structures of PtmU3 with both substrates reveal that the C-5 carbons of both substrates are adjacent to the nonheme diiron center in the active site, thereby supporting PtmU3 as a C-5 hydroxylase for both the ent-kauranolderived PTM and ent-atiserene-derived PTN diterpenoid scaffolds. Thus, we have also provided a molecular basis for recognition of two divergent CoA-linked substrates. Through this biochemical characterization, we have shed new light into diterpenoid biosynthesis, especially for those of bacterial origin.
Structurally, PtmU3 adopts an unprecedented TIM-barrel structural fold with a novel CoAbinding N-terminal domain, possessing a noncanonical active site architecture with one saturated iron center (M1) that lacks a μ-oxo or μ-peroxo bridge as commonly found in the family of nonheme diiron monooxygenases ( Figure S27 ). 2 Mutagenic studies were performed in parallel with crystallographic studies that demonstrate that the M1 center may play a structural role rather than a catalytic one. Thus, we have demonstrated that the divergent structure and chemistry of PtmU3 entrenches it as the first characterized member of a new superfamily of TIM-barrel fold metal-dependent oxidoreductases. Further bioinformatic analysis has shown that PtmU3-like enzymes are widespread, found primarily in Actinobacteria. With the extraordinary prevalence of the TIM-barrel fold and the specificity, as revealed from PtmU3, for CoA-linked substrates, it is likely that this type of chemistry, enzymology, and biosynthetic logic exist in other taxonomic classes for more diverse natural product pathways. Together, the PtmU3-catalyzed key step for initiation of the A-ring cleavage in PTM and PTN biosynthesis discovered in this study has provided a solid foundation, and will surely inspire further effort, to investigate the novel dioxygen activation mechanisms mediated by a noncanonical diiron center in the TIM-barrel fold.
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(2017GDASCX-0502) from Guangdong Academy of Science, Guangzhou, P. R. China. This is manuscript #29844 from The Scripps Research Institute. (A) A unified pathway for PTM and PTN biosynthesis, featuring enzymes with promiscuity acting on both the ent-kauranol-derived PTM and the ent-atiserene-derived PTN scaffolds.
The C-19 carboxylic acid is activated in the form of CoA esters by PtmA1 and PtmA2. PtmU3 then catalyzes C-5 β-hydroxylation (highlighted in red), which sets the stage for the ensuing A-ring cleavage at the C-4/C-5 bond via a retro-aldol reaction. In the ΔptmU3 mutant strain SB12050, the nascent products of CoA esters 7 and 11 are isolated in the free acid forms 5 and 9 due to spontaneous hydrolysis during isolation and purification. Compound 13, a precursor of 5, can also be isolated from SB12050. (B) HPLC analysis of crude extracts, with total ion current detection, of the ΔptmU3 mutant strain SB12050 (ii) with the engineered PTM and PTN overproducer SB12029 serving as a positive control (i). (C) HPLC analysis, with UV detection at 260 nm, of in vitro PtmU3-catalyzed reactions with 7 as a substrate. (D) HPLC analysis, with UV detection at 260 nm, of in vitro PtmU3catalyzed reactions with 11 as a substrate. Std, standard.
